Fisheries management is commonly based on the outputs of single-species stock assessment models. While such models are appropriate for tactical issues such as quota setting, they typically omit explicit trophic interactions between different parts of the ecosystem. To successfully manage multiple fisheries in the same ecosystem, we need to understand how fishing one species may indirectly affect other species. In this paper, we used a simulation model of the southern Benguela ecosystem, built in the Atlantis framework, to explore fisheries interaction effects. We first measured the impact of fishing different stocks individually at F MSY , the hypothetical level of fishing effort which produces maximum sustainable yield (MSY) in a single-species modelling context. We then applied F MSY to all stocks simultaneously and compared the simultaneous yield with the sum of yields from the individual applications of F MSY . Contrary to expectations, the total catch was higher under the simultaneous scenario. We explored our results by studying the influences of trophic interaction between species at different levels of the foodweb, and found that our overall result was driven by two key factors: volumetric dominance of small pelagic fish in the total catch, and asymmetric influences of competition and predation between piscivorous and planktivorous species. The simultaneous increase in fishing pressure across multiple species in the model led to increased effective carrying capacity for small pelagic species (due to reduced competition), but reduced carrying capacity for piscivorous species (due to reduced small pelagic prey). This work has important implications for the design of tactical multispecies models for use in ecosystem-based fisheries management.
Introduction
Ecosystems involve multiple inter-dependent species. In a marine context, exploitation of one species will invariably have some impact on other species in the system. However, fisheries management is generally based on the assessment of fishing impact on a single stock. Such assessments often employ single-species agestructured population models to determine biological reference points which can be used to guide management. One common reference point is maximum sustainable yield (MSY), which refers to the maximum equilibrium catch that can be removed from the stock. The stock biomass which produces this yield may be denoted as B MSY , and the fishing effort required to harvest the catch may be denoted as F MSY .
Multispecies models expand on the limited suite of factors present in single-species models, and may include the effects of predation interaction and physical forcing on stocks (Rice and Gislason, 1996) . Simple multispecies models are useful for developing hypotheses for system-level effects of fishing a particular stock (Hollowed et al., 2000) . May et al. (1979) used models of multispecies systems to explore the effect of species interactions on fishing yield, and predicted that overall potential yield from a multispecies fishery is likely to be less than the sum of the individual potential yields. Similarly, Larkin (1977) pointed out the impossibility of maximizing sustainable yields on all species simultaneously. In particular, May et al. (1979) found that the MSY calculated from a single-species model is likely to be a useful reference point for high trophic level species, but that lower trophic level species would need to be maintained at higher biomass than their individual MSY would suggest, so that their predators are not adversely affected.
In general, the aggregate yield obtained from fishing multiple species at their individual MSY levels is expected to be lower than that which would be predicted by summing the MSY of each species in the aggregation (Brown et al., 1976; Walters et al., 2005; Link et al., 2012) . Recent studies have looked at the aggregate MSY of trophicand size-based guilds (rather than single species) and found that the aggregate MSY of such guilds is also lower than would be predicted by species-specific MSY values (Gaichas et al., 2012b; Lucey et al., 2012) . Further, Bundy et al. (2012) found that aggregation at a system level predicts an even lower total MSY than aggregation by guild.
Community structure in ecological systems is governed by three main processes: competition, predation, and environmental disturbance (Hollowed et al., 2000) . In a single-species model, the fishery itself may be considered a predator, but the other processes (including other forms of predation) are usually included only implicitly in a single aggregated natural mortality term.
Competition for resources is represented in a single-species model by a carrying capacity for the stock being modelled. Within an ecosystem, conservation of nutrients provides an overall carrying capacity for the system, but the stock-specific carrying capacity is more flexible, and gains in one stock may be offset by restructuring the rest of the system in multiple alternative ways. This may increase the overall system stability due to portfolio effects (Duplisea and Blanchard, 2005) .
Predation interactions in marine ecosystems may result in top-down or bottom-up processes (Daskalov et al., 2007; Frank et al., 2007; Link et al., 2008) . In a fished system, heavy exploitation of a single species (such as cod) can lead to trophic cascades (Casini et al., 2008) , and potentially restructure a previously top-downdominated system to one in which bottom-up processes are more influential (Casini et al., 2009) .
Environmental factors may have a much greater impact than fishing pressure, particularly in highly productive upwelling systems such as the southern Benguela (Howard et al., 2007) . As a consequence, environmental factors may have a major influence on total system MSY Link et al., 2012) .
Minimum realistic models (MRMs, e.g. Punt and Butterworth, 1995; Plagányi and Butterworth, 2012; Blamey et al., 2013) and models of intermediate complexity (MICE, Plagányi et al., 2012) represent attempts to introduce explicit interactions between multiple species while retaining the model precision necessary for tactical assessment. Such models are a pragmatic balance between single-species and ecosystem-scale models, and typically contain fewer than ten modelled species. The choice of which species to include in an MRM is generally based on first-order interactions with a particular species of interest (such as a model of a fisheries target species and its direct predators). There is the danger, however, that elimination of weaker links may lead to incorrect predictions of system behaviour (Yodzis, 1998) . System effects beyond first-order interactions may also be inherently unpredictable (Beverton, 1995) . It is important, therefore, to explore the influence of more distant interaction effects through the use of a full ecosystem model. While such models may not be appropriate for tactical management (such as quota setting), they do allow greater potential for trophically distant interactions to be observed.
Our aim with this study is to explore the ecosystem impacts of the interaction effects between multiple fisheries in the southern Benguela ecosystem using an Atlantis model (Smith, 2013) .
Methods
Atlantis (Fulton et al., 2004 ) is a whole-of-system modelling framework developed for management strategy evaluation (MSE) of marine fisheries. ABACuS (Atlantis in the Benguela and Agulhas Current Systems) is an Atlantis model that has been designed to represent the southern Benguela ecosystem (Smith, 2013) . Within an Atlantis model, multiple submodels are used to simulate ecology, fisheries, and management. The ecological submodel of Atlantis includes spatially explicit stock structure of higher trophic levels supported by a deterministic primary production model, driven by hydrodynamic forcing of nutrient and water flows. Within the Atlantis framework, the flow of nutrients is tracked explicitly and nitrogen is used as a "common currency" in all trophic exchanges. The ABACuS model uses age-and size-structured population models with Beverton -Holt recruitment for all fish groups described in this paper. The study region is broken up spatially into horizontal and vertical subdivisions, with explicit hydrodynamic flux between adjacent model boxes to simulate currents and upwelling. Planktonic movement occurs in the model through advective transfer, but nektonic organisms move according to food availability. Reproduction, growth, and diet parameters are based on available survey data where possible. Predation within the model is based on a diet preference matrix, but the final realized diet is modified by gape limitations, spatiotemporal co-occurrence, and potential clearance rates of the predator.
The southern Benguela system is a highly productive upwelling system, and supports a substantial fishing industry, with an average total annual harvest 700 000 t of fish (FAO, 2009 ). The ABACuS model incorporates 30 biological groups, including 12 groups that represent teleosts, 10 of which experience fishing. Model groups may describe collections of ecotrophically similar species (such as mesopelagic fish) or a single species (such as shallow-water Cape hake Merluccius capensis). Table 1 lists the teleost groups in the ABACuS model. The model was parameterized to represent the average biomasses and distributions of fish in the ecosystem during the 1990s. The baseline level of fishing effort for each group was tuned to produce catches in line with this period. We determined F MSY for each fished group by incrementally applying different fishing pressure to the target group while holding pressure on all other groups constant, and plotting the resulting catches against fishing pressure. The method used was similar to that described in Walters et al. (2005) . For full details of these tests, and a complete model description, see Smith (2013) . Modelled teleost groups have lifespans ranging up to 20 years. Experimental runs were performed with the desired fishing pressure applied for 30 years of model simulation (after a 40-year burn-in period), to allow for a stable model solution. A baseline model run was performed with fishing pressure on all groups held at its baseline level. The final MSY for each species was obtained by running the model with one species at its F MSY , and all other fished species held at the baseline fishing pressure. Finally, a model run was performed with fishing pressure for all species simultaneously set to their F MSY . We use "Simultaneous MSY" to refer to the total catch obtained by this simultaneous application of F MSY on all fished species.
We compared the steady-state harvest for each individual model group under F MSY with the baseline catch for that group, and also with the harvest achieved for each group under the Simultaneous MSY scenario. Finally, we compared the summed total of harvests under each single-species F MSY with the total harvest achieved under the simultaneous application of F MSY on all stocks. Studying the relative shifts in both stock-and ecosystem-level harvests allowed us to see the implications of different interactions between the stocks.
Most of the modelled groups represent stocks that are considered to be optimally exploited (FAO, 2005; DAFF, 2010) . The baseline levels of fishing on sardine, anchovy, snoek, other large pelagics, and hake result in catches .90% of MSY. An important exception is round herring: although this species was the most abundant of the small pelagics during the 1990s, there was low demand and thus it was only moderately harvested. The baseline catch of round herring in this model is 55% of MSY.
Snoek are considered to be optimally exploited, and the baseline catch level for snoek in the model is 95% of MSY. Among the other large pelagic predators, most species are considered to be overfished, except yellowtail Seriola lalandii (Griffiths, 2000) and some species of tuna. The baseline catch level for the large pelagic group is .95% of MSY, but the stock is modelled in an "overfished" state: that is, F MSY for this group is lower than the baseline fishing pressure.
The pelagic-feeding and benthic-feeding demersal groups cover over 200 species of fish, many of which are commercially important, but data availability for these stocks is severely limited. What data are available show that the impact of fishing may be difficult to distinguish from environmental changes on a decadal scale (Atkinson et al., 2011) . Most of the species included in these groups are classified as "uncertain" or "potentially overfished". The baseline fishing pressure on each of these groups in this study is set to their individual F MSY level. Although there is some fishing of certain chondrichthyan species, the overall level was low during the 1990s. The modelled chondrichthyan groups are not considered as "fished" for the tests described in this paper.
Baseline fishing pressure on each stock was set by tuning the model such that biomass and catch outputs were in line with historical data, and the stock was at an appropriate level of exploitation (i.e. "moderately exploited", "optimally exploited", or "overfished"). In the real world, there are often technical interactions due to multiple species being caught by the same fishery, and these complications can cause the recovery or depletion trajectories of real stocks to differ from the predictions of single-species models (Murawski, 2010) . The fisheries in this model catch non-target species as bycatch. Thus, the modelled demersal trawl fishery, which targets hake, also catches benthic-and pelagic-feeding demersal fish. The modelled pelagic linefishery, which targets snoek and other large pelagics, also catches pelagic-feeding demersal fish as bycatch. However, fishing pressure from each fishery is modelled at a species level, so the pressure on a target species can be adjusted without affecting the pressure on bycatch species or other target species from that fishery.
Results and discussion
The sum of catches under individually applied F MSY (for each model group) was 9% higher than the baseline catches. Under the simultaneous application of F MSY , the total catch increased to 16% higher than the baseline catches. Figure 1a shows the proportional shift in catches of various fished groups under the individually applied single-species MSY (SS), and under the simultaneous application of F MSY (all). The reference point for all catches in Figure 1a is the baseline scenario. To see the comparative shift in catches from the "SS" test to the "all MSY" tests more clearly, Figure 1b shows the proportional change in catch for each group under the "all MSY" scenario compared with the SS scenario. In broad terms, the proportional shifts in harvest were small compared with the baseline catch, which is to be expected when most stocks are fully exploited. The proportional shift for round herring is an exception, as this species is only moderately exploited under the baseline scenario, and thus the proportional catch disparity between the baseline level and MSY is far higher. While 5% shifts are likely to be difficult to detect in reality and are small given the uncertainties in the model, the deterministic nature of the model means that the shifts are still worth noting in terms of the comparison of model results.
Looking at the "all MSY" catches compared with the "SS" levels, small pelagic catches increased most strongly under the Simultaneous MSY scenario, producing harvests 9-15% higher than under the individually applied F MSY . The large piscivorous fish mostly showed a reduction in catches under the Simultaneous MSY scenario, with catches of snoek, other large pelagics, and M. capensis all decreasing by 2 -4%. Catches of Merluccius paradoxus, in contrast, increased by 4% under the Simultaneous MSY scenario. Other fished species were less affected, mostly showing changes under 2%.
The disparity in the magnitude of shift between small pelagic species and piscivores, as well as the much higher relative biomass of the small pelagics, result in the increase in total catch under the Simultaneous MSY scenario. Previous studies have found that planktivores are generally the most productive groups, and that the aggregated MSY of pelagics is nearly always higher than that of demersal groups (Gaichas et al., 2012a; Lucey et al., 2012) , However, differing levels of stock depletion and market prices may result in higher average harvests from demersal piscivores in a particular ecosystem. The result from this study, that total catch increased beyond expectation under simultaneous application of F MSY , should therefore not be seen as a general rule, but rather the specific consequences of a system with high small pelagic biomass and a fishing industry where catches are (volumetrically) dominated by small pelagics. From a management perspective, the volume of catch may not be the most important metric for evaluating optimal harvest strategy. Fish at high trophic levels typically have much higher market value than small pelagic planktivores, Exploring fisheries interaction effects using Atlantis particularly if the small pelagics are sold for fishmeal rather than fresh. The volumetric reduction in catch of high trophic level fish (relative to single-species predictions) may therefore have a greater economic input than any "bonus" catch at lower trophic levels.
Comparing the individual and simultaneous scenarios, the changes in catches of each group occur while that group is under the same fishing pressure F MSY . The catches change because the underlying biomass of the modelled groups differs. Figure 2a shows the shift in biomass for various modelled groups under the individual and simultaneous applications of F MSY . As with the catch results, the plots present the total shifts from the baseline under each scenario in Figure 2a , and also the direct comparison between the individual and simultaneous applications of F MSY in Figure 2b . The similarity between Figures 1b and 2b illustrates that the catch response is driven by similar shifts in underlying biomass. Large pelagics show an increase in biomass under the application of F MSY (whether individual and simultaneous application) because they are overfished in the baseline scenario. However, this does not have a great impact on the overall summed catch figures, as large pelagics contribute only 1.5% (by mass) of the total catch (Table 1) .
The biomass shifts under the simultaneous application of F MSY (compared with the baseline scenario) are shown for unfished species in Figure 2c . Among the unfished species, the biomass of mesopelagics and "other small pelagics" increased under the simultaneous application of F MSY . Reduced competition for food with sardine, round herring, and anchovy, along with reduced predation Exploring fisheries interaction effects using Atlantis 279 due to lower predator biomasses, appear to drive this shift. Chondrichthyans, seabirds, seals, and cetaceans were reduced in biomass under the simultaneous F MSY scenario, suggesting that the reduction in their prey species had a negative influence. Benthic-feeding chondrichthyans were largely unaffected, as they have little trophic overlap with the fished species.
Non-target effects of single-species F MSY tests Table 2 shows the overall impact on biomass of non-target species that resulted from the application of F MSY on a single species. These results indicate an asymmetry in the impact of fishing at different levels of the foodweb. Increasing fishing pressure on any of the predatory species resulted in an increase in the biomass of mesopelagics and small pelagics as these prey species are released from predation. The other predatory groups also showed an increase in biomass. The boost to predatory fish was caused by greater availability of prey fish, which in turn resulted both from greater overall abundance of prey species and also reduced competition with the target predator (due to a reduction in the biomass of the target species).
Increasing fishing pressure on small pelagic species produced more variable results. Fishing anchovy or sardine resulted in either an overall increase in the other prey species or no change. However, increasing fishing pressure on round herring from the baseline level to F MSY resulted in a reduction in the biomass of sardine and anchovy (but not mesopelagics, which increased). There are two processes at play here. First, there is competition among the prey species for plankton. A reduction in the target species should result in an increased biomass of its competitors. However, the four prey groups do not completely overlap in their diet: mesopelagics and round herring almost exclusively eat zooplankton, whereas the diets of sardine and anchovy include a significant proportion of phytoplankton ( 45 and 35%, respectively) in addition to zooplankton. Thus, the strongest direct competition for resources is found between sardine and anchovy, and between round herring and mesopelagics. So among the three target species, the reduction in round herring is the least beneficial to the other small pelagic species. The other process at work is shifts in predatory pressure due to changes in abundance of prey species. All four prey species are eaten by all three predatory species (although M. paradoxus shows a strong dietary preference towards mesopelagics, and is a comparatively minor predator of small pelagic fish). As a result, a reduction in the biomass of one small pelagic species will result in increased predation pressure on the other two. The proportional shifts in diet of the predatory species are shown in Table 3 . The reallocation of predation pressure will be stronger if the reduction in target species biomass is higher. Increasing fishing pressure on sardine or anchovy to their F MSY results in a reduction in target species biomass of 20% of the baseline level. In contrast, because the baseline fishing pressure on round herring is much lower, increasing the round herring fishing pressure to F MSY reduces the round herring biomass by 50%. The overall loss of prey is the highest when round herring are targeted, and thus the increased predation on the non-target species is also highest in that situation. As a result, although the sardine and anchovy stocks receive some boost from reduced competition, the overall influence on their biomass is negative when fishing is increased on round herring. The biomass of mesopelagics increased when round herring fishing increased, because their competition with round herring is more direct (and thus they benefit more from the reduced round herring biomass), and because their major predator, M. paradoxus, feeds comparatively little on any of the small pelagics and thus the redirected predation pressure is lower on mesopelagics than on sardine or anchovy. Among the predatory fish, increased fishing pressure on any one small pelagic prey species generally resulted in a decrease in predator biomass, due to reduced food availability.
Ecosystem-based fisheries management (EBFM) requires an understanding of how a "single-species" fishery will affect the broader ecosystem. In a real-world scenario, any change in fishing pressure would be achieved by some combination of gear and effort regulation. These measures would most often also change the effective fishing pressure on bycatch species. In this study, we have changed fishing pressure at a species level without changing the fishing pressure on non-target species. This simplification allows us to more clearly observe the indirect effects of altering the biomass of a target species. For non-target species, effective EBFM needs to consider two factors: how does a particular fishery directly impact non-target species through bycatch or accidental mortality, and how does the removal of one species indirectly affect other Table 2 . Biomass shifts for small pelagics and major piscivorous fish under species-specific application of F MSY . Note that the applied pressure for each test is negative, that is, under the application of F MSY for a target group, the biomass of that group will decrease. Shifts are given as the change in the proportion of the predator's diet that is accounted for by the prey species. For example, if the proportion of diet accounted for by a prey species changed from 20 to 22%, the shift would be recorded as "+10%". species in the same ecosystem (e.g. via competition or predator/prey relationships). This study simplifies the first question in order to explore the second more clearly.
General foodweb trends
The interaction effects that we observed in the model under the single-species F MSY tests are shown in Figure 3 . In summary, while fishing "prey" species can have mixed effects on other "prey" species, it will have an overall negative effect on "predator" species. Fishing any "predator" species will have a net positive effect on the "prey" species and also on the other "predator" species. The competition interactions in Figure 3 are driven by changes in food availability, which change the effective carrying capacity of the system for a particular species (e.g. Walters et al., 2005; Mohn and Chouinard, 2007) . Consider a hypothetical species P with a competitor species Q. As the biomass of Q is reduced, more food is available for P. Thus, the reduction in Q causes an effective increase in the carrying capacity of the environment for P. This is illustrated in Figure 4a , which shows the response of a stock to reduced competition. The curve describes the relationship of catch to fishing effort for a given stock. The precise geometry of the curve is defined by stock/recruit dynamics for a particular species, but the right-hand intercept of the curve is defined by the carrying capacity of the system (i.e. the maximum size of the stock under equilibrium conditions). The point of inflection indicates the MSY for that species. As carrying capacity is increased (by depletion of a competitor), the right-hand intercept moves further to the right, but the overall shape of the curve remains constant (assuming no change in stock/recruit dynamics). In this same figure, we also see that a level of fishing which corresponded to F MSY in the original state will now produce a "bonus catch", Dcatch, above what would have been predicted by a single-species assessment.
In contrast, a reduction in food supply will lead to increased competition and a reduction in effective carrying capacity for a species. This is illustrated in Figure 4b , in which the dotted curve shows the new catch/effort curve for a species under reduced carrying capacity. In this case, the level of fishing which originally corresponded to F MSY now produces a catch that is lower than that predicted by a single-species assessment. In addition, because the fishing pressure is now greater than the maximum point of the curve, the stock would now be considered overexploited.
The combined effect of these interactions is clear in the observed differences between catches under the individual and simultaneous F MSY experiment (Figure 1b) . At the low trophic levels, the small pelagic fish experience reduced competition and reduced predation as fishing is simultaneously increased across multiple groups. Both of these effects combine to produce a higher small pelagic biomass and higher resultant catches under the simultaneous scenario than would be predicted from the individual tests. The only potential negative influence on small pelagics that is observed in the individual tests is increased predation due to changing prey abundances. However, in the simultaneous scenario, this effect is minimal for two reasons: the predators themselves are being depleted, and the small Figure 3 . Matrix of interaction effects observed in the model during the single-species F MSY tests. Each part of the quadrant describes the dominant effects on a species in the appropriate "Affected" category that result from fishing another species in the appropriate "Target" category. The key assumption of the matrix (which is valid for the species in Table 3 ) is that the species within the "prey" and "predator" categories have significant dietary overlap with other species in the same category. Figure 4 . Conceptual curves relating catch to fishing pressure (F ) for a given stock. The overall shape of the curve is defined by the stock/ recruitment dynamics, but the width of the curve is defined by K, the carrying capacity of the system. F MSY corresponds to the peak of the curve. At fishing pressures greater than F MSY , the stock may be considered overexploited. The dotted curves have the same shape, but they have been scaled to represent the same stock with a different carrying capacity. Under the same level of fishing, the plots show catch changes under (a) increased and (b) decreased carrying capacity.
Exploring fisheries interaction effects using Atlantis pelagics are all being fished down simultaneously, which reduces the opportunity for the predators to switch between them.
At the higher trophic levels, the piscivorous fish experience reduced competition, but they are also negatively influenced by reduced prey availability, and this dominates the overall response, leading to lower underlying biomass and lower catches than would have been predicted from the single-species tests. The only major piscivore which performs better under the simultaneous scenario is M. paradoxus, which is itself subject to heavy predation in its juvenile stages by M. capensis. The simultaneous scenario produces three effects on M. paradoxus: reduced food supply, reduced competition, and also reduced predation. In contrast to the other major piscivorous species, M. paradoxus preys far more heavily on mesopelagic fish than small pelagics. As the mesopelagics are not directly depleted through fishing, this also means that the negative effect of reduced food supply is less for M. paradoxus than for the other major piscivores. The net result is that M. paradoxus, in contrast to other major piscivores, produces higher catches under the simultaneous scenario than would be anticipated from the individual tests.
Conclusions
Our anticipated finding was that the sum of individual catches at F MSY would be greater than the total catch from simultaneous application of F MSY . This study showed the reverse effect. We interpret these results as a caution that the responses of complex ecosystems may be difficult to generalize.
Several important points emerge from this study:
(i) Our overall results emerge from two factors: the overall dominance (by volume) of small pelagic fish in the total catch, and the contrasting system responses at high and low trophic levels. In particular, the dynamics of low trophic level small pelagic planktivores were dominated by competition interactions. At the higher trophic levels, piscivorous fish responded most strongly to bottom-up control from their prey.
(ii) Similar patterns emerged in the non-fished species: low trophic level planktivores (such as mesopelagics) were most influenced by competition interactions, whereas higher trophic level piscivores (such as seals) were influenced by reduced prey availability.
(iii) While aggregation of ecotrophically similar species is a vital aspect of building intermediate-complexity models, this study suggests that certain species interaction effects (such as restructuring of predation pressure) may need thoughtful consideration. Studying the interaction effects of multiple fisheries in an ecosystem model allows us to explore second-order interactions in more depth, and the insight gained will aid the design of useful models of intermediate complexity.
(iv) Volume of catch may not be the most important metric for evaluating harvest strategy. Managers may also need to consider the relative market values for fish at different trophic levels to find an "optimal" solution.
(v) Effective EBFM requires an understanding of how a fishery that targets one species may indirectly affect other species in the same ecosystem. Competition and predator/prey interactions (such as those discussed in this study) are important considerations in the design of sustainable fisheries management plans.
